JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D18212, doi:10.1029/2012JD017870, 2012

The use of satellite-measured aerosol optical depth
to constrain biomass burning emissions source
strength in the global model GOCART

Mariya Petrenko,l’z’3 Ralph Kahn,4 Mian Chin,4 Amber Soja,5 © Tom Kucselra,4’7
and Harshvardhan'

Received 29 March 2012; revised 17 July 2012; accepted 14 August 2012; published 26 September 2012.

[1] Simulations of biomass burning (BB) emissions in chemistry transport models strongly
depend on the inventories that define emission source location and strength. We use 13
global biomass burning emission estimates, including the widely used Global Fire
Emission Database (GFED) monthly and daily versions, Fire Radiative Power (FRP)-based
Quick Fire Emission Data set QFED, and 11 calculated emissions from different
combinations of burned area based on the Moderate Resolution Imaging Spectroradiometer
(MODIS) products, effective fuel load, and species emission factors as alternative inputs to
the global Goddard Chemistry Aerosol Radiation and Transport (GOCART) model.

The resultant simulated aerosol optical depth (AOD) and its spatial distribution are
compared to AOD snapshots measured by the MODIS instrument for 124 fire events
occurring between 2006 and 2007. This comparison exposes the regional biases of each
emission option. GOCART average fire AOD values compare best to MODIS-measured
AOD when the daily GFED inventory is used as input to GOCART. Even though
GFED-based emission options provide the lowest emissions in the tropics, GFED-based
GOCART AOD compares best with MODIS AOD in tropical cases. Fire-counts-based
emission options give the largest emission estimates in the boreal regions, and the model
performs best at higher latitudes with these inputs when compared to MODIS. Comparison
of total annual BB emissions by all inventories suggests that burned area estimates are
usually the largest source of disagreement. It is also shown that the quantitative relationship
between BB aerosol emission rate and model-simulated AOD is related to the horizontal
plume dispersion, which can be approximated by the wind speed in the planetary boundary
layer in most cases. Thus, given average wind speed of the smoke plume environment,
MODIS-measured AOD can provide a constraint to the strength of BB sources at the
level of individual plumes.
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spheric processes through their impact on air quality
[McMurray et al., 2004; Sapkota et al., 2005; Wiedinmyer
et al., 2006], visibility [Bdumer et al., 2008; Mazurek et al.,
1997] and human health [Seaton et al., 1995], and as one of
the factors affecting global climate through direct and indi-
rect radiative effects [Solomon et al., 2007; Lohmann and
Feichter, 2005; Yu et al., 2006]. Therefore, it is important
to represent biomass burning emissions as accurately as
possible in global and regional models, which are among the

1. Introduction

[2] Biomass burning (BB) has been recognized as one of
the major contributors to carbonaceous aerosol emissions of
black carbon (BC) and organic carbon (OC), as well as a
source of aerosol precursor gases such as SO,, NOy, and a
suite of volatile organic compounds [Akagi et al., 2011;
Andreae and Merlet, 2001]. Optically and chemically potent
biomass burning particles play important roles in atmo-
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main tools for studying earth and atmospheric processes
[Climate Change Science Program Working Group, 2009],
estimating climate forcings [Boucher and Anderson, 1995;
Dentener et al., 2005; Solomon et al., 2007], and assessing
both regional pollution loads [Quinn et al., 2008; Shindell
et al., 2008] and long-range transport of pollutants [Chin
et al., 2007; Colarco et al., 2004, Damoah et al., 2004,
Jaffe et al., 2004; Warneke et al., 2009].

[3] To simulate the emission and subsequent evolution and
transport of aerosol particles from fires, models need two
essential pieces of information — biomass burning source
strength and injection height. Emission injection height is
currently an area of active research. Extensive efforts to con-
strain the atmospheric conditions and fire properties that
determine BB emission injection height using plume rise
models of different complexity and both satellite and ground-
based measurements are described elsewhere and are not
addressed in this work [Chen et al., 2009; Freitas et al., 2006,
Hyer et al., 2007; Kahn et al., 2007; Sessions et al., 2011,
Tosca et al., 2011; Val Martin et al., 2010; M. Val Martin
et al., Space-based observations constraints for 1-D plume-rise
models, submitted to Journal of Geophysical Research,2012].

[4] Location and strength of BB sources are usually input
into the model from an external emission inventory. A num-
ber of global and regional BB emission inventories exist, and
are usually constructed bottom-up, considering the properties
of the burning ecosystem and the extent and properties of the
fires [Giglio et al., 2006b; Ito and Penner, 2004; Liousse
et al., 2010; Michel et al., 2005; Turquety et al., 2007; van
der Werf et al., 2010; Vermote et al., 2009; Wiedinmyer
et al., 2011]. Alternatively, a top-down approach, described,
for example, by Dubovik et al. [2008], uses inverse modeling
to estimate biomass burning source strength from the mea-
sured aerosol properties, such as aerosol optical depth (AOD).
This latter approach is labor- and computation-intensive, and
is not widely used by the aerosol modeling community.

[5s] Natural BB variability [Schultz et al., 2008; van der Werf
et al., 2006], errors and uncertainties associated with the esti-
mates and measurements of emission-related parameters, such
as (1) burned area [Giglio et al., 2010], (2) biomass type and
properties [Fritz and See, 2008], (3) aerosol and gas emission
factors [Akagi et al., 2011], (4) properties of the fire and envi-
ronment in which burning happens [Hyer and Reid, 2009; Soja
et al., 2004; van der Werf et al., 2010], as well as (5) different
approaches to calculating emissions [4/-Saadi et al., 2008]—
all lead to discrepancies between emission estimates provided
by BB emission inventories. These discrepancies can be quite
significant, and they propagate in aerosol models to impact
simulated aerosol effects [Chin et al., 2009; Reid et al., 2009].

[6] The amount of aerosol in the atmospheric column is
directly proportional to AOD observed at the top of the
atmosphere [Levy et al., 2007, 2010]. AOD is routinely
measured by space-borne instruments. Each such measure-
ment captures the aggregation of aerosol particles that have
been emitted into the atmosphere by the fires, from the
beginning of burning until the time of measurement, except
those that were transported away from the field of view. It is,
therefore, possible to use satellite-measured AOD as an
instantaneous observational constraint on the strength of
biomass burning sources in an aerosol model.

[7] In this work, we use 13 global biomass burning
emission estimates, including the widely used Global Fire
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Emission Database (GFED) monthly and daily versions, Fire
Radiative Energy (FRE)-based Quick Fire Emission Data set
QFED, and 11 calculated emissions from different combi-
nations of burned area based on the Moderate Resolution
Imaging Spectroradiometer (MODIS) products, effective
fuel load, and species emission factors as alternative inputs
to the global Goddard Chemistry Aerosol Radiation and
Transport (GOCART) model. The resultant simulated AOD
and its spatial distribution are compared to AOD snapshots
measured by the MODIS instrument for 124 fire events
occurring between 2006 and 2007, providing information on
how satellite AOD data can be used to constrain the BB
emission. We describe the approach, emission data sets,
GOCART model, and satellite observations in sections 2 and
3, and show the model results of AOD from different
emission estimates and discuss the outcome in section 4.
Conclusions from this study are given in section 5.

2. [Estimation of Biomass Burning
Source Strength

2.1. Estimating BB Emissions Based
on Burned Area

[8] The most common way to estimate BB emissions is
the following empirical relationship, which is based on the
one originally introduced by Seiler and Crutzen [1980]:

M, = 4B G¥F,, (1)
where M; is the mass of emitted species j (here BC, OC, and
SO,); 4 is the burned area; B is the average amount of bio-
mass or organic matter an ecosystem contains per unit area;
0 is the combustion completeness or burning efficiency,
which is the fraction of fuel actually consumed in a fire [Soja
et al., 2004; van der Werf et al., 2006] (it is dependent on the
fire severity and fuel type and can range from 98% for
standing dry grass to less than 10% for dead logs [Liousse
et al., 2004]); and F; is the emission factor for species j,
defined as the amount of species j released per unit of fuel
consumed [Andreae and Merlet, 2001], expressed in grams
of tracer per kilogram of burned dry mass.

[s] The product of 4, B and (3 in equation (1) represents
the amount of fuel consumed within the burned area, or “dry
mass burned (DM),” and the product of fuel density B and
combustion completeness § the “effective fuel load.” Listed
below are several data products that provide estimates of
each term in equation (1) individually or as part of a com-
bined quantity, e.g., effective fuel load or dry mass burned.
These data products are later combined to provide BB
emissions to the aerosol model.

2.1.1. Burned Area (A)
2.1.1.1. The MODIS Collection 5 Burned Area
Product: MCD45A1

[10] This product is developed based on the change of
surface reflectance following a fire [Roy et al., 2008]. The
data are available from the “Reverb” data service (http://
reverb.echo.nasa.gov) in a set of monthly files, each con-
taining one of the ~10°(lat) x 10°(lon) granules defined on
the MODIS sinusoidal grid [Giglio, 2010]. Each granule
contains the locations of burned pixels for each day of the
month, at 500 m spatial resolution, which were gridded to
the 1°(lat) x 1.25°(lon) GOCART grid. Burned area
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Fuel Density Burning Fgc, g(BC)/ Foc, g(OC)/ Fso2, 2(SOy)/
GLC Code GLC Vegetation Type Description (kg/m?) Efficiency kg(DM) kg(DM) kg(DM)

1 Tree Cover broadleaved evergreen 23.35 0.25 0.70 6.40 0.57
2 Tree Cover broadleaved deciduous closed 20.00 0.25 0.60 6.00 1.00
3 Tree Cover broadleaved deciduous open 3.30 0.40 0.62 4.00 0.35
4 Tree Cover needle-leaved evergreen 36.70 0.25 0.60 6.00 1.00
5 Tree Cover needle-leaved deciduous 18.90 0.25 0.60 6.00 1.00
6 Tree Cover mixed leaf type 14.00 0.25 0.60 6.01 0.99
7 Tree Cover regularly flooded fresh water 27.00 0.25 0.70 6.40 0.57
8 Tree Cover regularly flooded saline water 14.00 0.60 0.65 5.15 0.46
9 Mosaic: Tree Cover / Other natural vegetation 10.00 0.35 0.61 5.00 0.68
10 Tree cover, burnt 0 0 0.00 0.00 0.00
11 Shrub Cover closed-open evergreen 1.25 0.90 0.62 4.00 0.35
12 Shrub Cover closed-open deciduous 3.30 0.40 0.62 4.00 0.35
13 Herbaceous Cover closed-open 1.43 0.90 0.62 4.00 0.35
14 Sparse herbaceous or sparse shrub cover 0.90 0.60 0.67 3.11 0.37
15 Regularly flooded shrub and/or herbaceous cover 0 0 0.00 0.00 0.00
16 Cultivated and managed areas 0.44 0.60 0.73 2.10 0.40
17 Mosaic: Cropland / Tree Cover / Other natural v. 1.10 0.80 0.64 3.64 0.36
18 Mosaic: Cropland / Shrub and/or grass cover 1.00 0.75 0.65 3.35 0.37

Global average GLC® 0.64 4.40 0.52

Global average GFED3¢ 0.53 4.74 0.62

Global GOCART 1.0 8.0 1.1

“References: Liousse et al. [2004]; Michel et al. [2005]; C. Liousse, personal communication, 2010.
Simple linear averages of emission factors for all GLC vegetation types where F; are defined.
“Simple linear averages of GFED3 emission factors for all fire types listed in Table 2.

estimates for the overlapping eight days before and after
each month are ignored to avoid duplication. This product is
referred to here as “MCD45.”

2.1.1.2. Burned Area Estimated From MODIS

Active Fire Counts

[11] This product is based on the 1 km? size fire pixels
from the combined MODIS-Terra (MOD14A1) and MODIS-
Aqua (MYD14A1) thermal anomalies with multiple count-
ing removed, i.e., pixels classified as fires more than once on
the same day are counted only once. These data were
obtained from the EOS Clearing House (2009, available at
http://earthdata.nasa.gov/echo), and the fire counts were
gridded to the 1°(lat) x 1.25°(lon) GOCART grid. This
product is referred to here as “mod1.”

[12] To estimate the area burned by the detected fires we
assume that each pixel classified as burning corresponds to
1 km? of burned area. Here, we have to acknowledge the
reported large variations of effective burned area per detec-
ted fire, even in the same ecosystem [Giglio et al., 2006b,
2009; Roy et al., 2008; Soja et al., 2004]. The conversion
factors reported previously range from 0.3 km?® to 6.6 km?
effective burned area per fire detection, based solely on
MODIS-Terra detection analyses in different locations
globally [Giglio et al., 2006b, 2010]. Other estimates include
0.79 km?/pixel [Soja et al., 2009], and 0.625 km?/pixel [Reid
et al., 2009]. According to Soja et al. [2009], counting every
pixel and assuming 1 km?/pixel for every fire detection leads
to gross overestimation of burned area (by about a factor of 2
in the western U.S.), highlighting the wide disparity in
estimating burned area using fire detection data.
2.1.1.3. Global Fire Emission Data Set Version 3
(GFED3) Burned Area

[13] It is another MODIS-based product with 0.5° x 0.5°
spatial and daily temporal resolution [Giglio et al., 2009].
The algorithm combines the detection of change in surface
properties (vegetation index) with the use of the active fire

product. Instructions on downloading GFED data and con-
verting burned area from monthly to daily estimates are
available from http://globalfiredata.org/Data/index.html.
2.1.2. Fuel Density (B) and Effective Fuel Load (B*(3)
2.1.2.1. Global Land Cover Data Set (GLC2000)

[14] Referred to here as “GLC,” it provides a map of 22
land cover types globally, at the original 1-km and also a
0.5° x 0.5° spatial resolution. GLC methodology and data
sets are introduced by Bartholomé and Belward [2005] and
numerous subsequent publications [e.g., Gonsamo and
Chen, 2011; See and Fritz, 2006; Xiao-Peng et al., 2011],
and available online at http://bioval.jrc.ec.europa.eu/products/
21c2000/g1c2000.php. Typical biomass density, combustion
completeness, and emission factors are defined for 16 of the
18 vegetated land-cover types [Liousse et al., 2004, 2010;
Michel et al., 2005]. These properties are summarized in
Table 1. For comparison, this table also contains global
average values of emission factors from all the emission
factor options introduced in section 2.1.3 below.

[15] All emission calculations involving the GLC data set
were calculated with a spatial resolution of the original data
set (0.5° x 0.5°) and then mapped onto the GOCART
1°(lat) x 1.25°(lon) grid. Figure 1 shows the spatial distri-
bution of the vegetation types on the GOCART grid. The
vegetation type occupying the largest areal fraction of each
grid box is designated as dominant for that box and is the
color shown on the map.
2.1.2.2. The Weather- and Ecosystem-Based Fire
Emissions (WEB-FE)

[16] It is developed at the National Institute of Aerospace
and NASA Langley Research Center, and is available upon
request from its developers (A. Soja). In this analysis, we use
the Carbon Consumption (CC) database from WEB-FE,
which is defined as the potential amount of available carbon
consumed by fire.
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Figure 1. The 124 fire cases used in this study, with case boxes color-coded by geographic region.
Underlying colors represent the GLC vegetation types described in section 2.1.2.1.

[17] Spatially explicit effective fuel load (defined in the
Web-FE project as “fuel consumption”) estimates were first
developed for Northern Eurasia based on the amount of fuel
contained in ecosystems that could be available to burn [Soja
et al., 2004], which is ultimately dependent on the weather
that initiates fire events. Unique estimates for the potential
amount of carbon (or fuel) consumed are calculated for 35
distinct ecoregions across Northern Eurasia, which includes
4 separate peatland estimates. Fuel data were taken from
Alexeyev and Birdsey [1998] and include overstory, under-
story, litter, peat and soil organic matter. Carbon is assumed
to be 50% of the available fuel, and this ratio is used in this
study for conversions between carbon consumption and
effective fuel load. Each ecoregion estimate consists of 3
potential severity classes, resulting in 105 discrete spatially
explicit estimates. For instance, a low-severity surface fire
consumes 20% of the accessible understory and litter layer,
and a high-severity crown fire consumes 20% of the acces-
sible tree stand vegetation and 100% of the accessible
understory and litter are consumed. Ecosystem-based esti-
mates range from low-, medium- to high-severity carbon
consumption and have been verified. Subsequently, the data
were validated with ground-based fuel consumption data for
a range of fire severities and ecosystems (1* = 0.86). We use
the effective fuel load estimate for medium fire severity,

referred to here as “CCm,” as one of the parameters to cal-
culate fire emissions according to equation (1). Medium fire
severity is assumed to represent fire properties globally,
even though we realize that under- or overestimation of
specific fires will occur if they are of high or low severity,
respectively.

[18] Global carbon consumption estimates were built from
aboveground fuel provided by Olson et al. [1985] and soil
carbon by Zinke et al. [1986], and these global estimates are
overlaid with detailed data as they become available (currently
for Northern Eurasia, Canada and Alaska). The global esti-
mates were developed for near-real-time use and have proven
themselves in numerous field campaigns [e.g., Choi et al.,
2008; Pierce et al., 2007]. The information gleaned from this
investigation will lead to improvements in this data set.

[19] The effective fuel load from biomass burning events
is determined by the fire severity that is associated with the
high, medium, and low CC data from WEB-FE. Here we use
the Haines index (HI) to estimate the fire severity, which
was developed to assess the potential for rapid fire growth
[Haines, 1988] and is also known as the Lower Atmosphere
Severity Index [Winkler et al., 2007]. The Haines index is a
number ranging from 2 to 6 that describes the stability and
moisture content of the lower atmospheric layer (~1 km
high) with topography taken into account. The index is a
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Table 2. GFED3 Emission Factors Used for Different Fire Types, in g Species per kg DM*

Deforestation Savanna and Grassland Woodland Extratropical Forest Agricultural Waste Burning Peat Fires
BC 0.57 0.46 0.52 0.56 0.48 0.57
oC 430 321 3.76 9.14 3.71 4.30
SO, 0.71 0.37 0.54 1.00 0.40 0.71

“Reference: van der Werf et al. [2010].

simple sum of two terms: the lapse rate term (temperature
difference between layer bottom and top) describing the
stability of the layer, and the dewpoint depression term
(difference between temperature and dew point temperature
at the lower level). In other words, an unstable, dry atmo-
sphere will have higher HI, indicating a likelihood of more
severe fire. The HI was developed, and has been studied
most extensively, for North America [Werth and Ochoa,
1993; Winkler et al., 2007]; its application has not been
evaluated for other parts of the world.

[20] In this study HI was calculated for each GOCART
grid box using 3-hourly reanalysis meteorological fields
from the Goddard Earth Observing System version 4 Data
Assimilation System (GEOS-4 DAS) [Bloom et al., 2005],
and the HI value determined the choice of the effective fuel
load category from the CC data sets - HI of 24, 5, and 6 are
associated with the low, medium, and high CC, respectively.
These 3-hourly effective fuel load values in each grid box
were averaged over the course of 24 h to define the values
for a particular day. Effective fuel load estimates calculated
using the HI are referred to in this study as “CCi.”

2.1.3. Emission Factors (F))

[21] In the standard GOCART configuration, emission
factors of 1.0, 8.0, and 1.1 g per kg of burned dry mass are
used globally for BC, OC and SO,, respectively [Chin et al.,
2007]. GOCART emission factors are based on the earlier
works by Patterson et al. [1986] and Andreae et al. [1988],
which summarize several laboratory and field measurements
of F;’s. The expansion of the body of literature on this sub-
ject, recent review publications reporting ecosystem-specific
emission factors [Akagi et al., 2011], as well as insights from
the current work, will lead to the re-assessment of the
emission factor values to be used in the GOCART model.

[22] The GFED emission inventory, introduced below,
works with a set of vegetation-type-dependent emission
factors based on Andreae and Merlet [2001], which are used
in some of the GOCART runs together with the GFED dry
mass option. For comparison with other inventories, the
GFED emission factors for the aerosol-related species of
interest are given in Table 2, with the full set of species
considered in GFED3, listed by van der Werf et al. [2010].

[23] Alternatively, for combinations that include GLC
vegetation types, we use vegetation-type-dependent emission
factors for BC, OC, and SO, provided in the GLC database
(Table 1) [Liousse et al., 2004, 2010; Michel et al., 2005].

2.2. Global Fire Emission Data Set (GFED)
Emission Estimates

[24] In addition to calculating the emissions from different
components, as given in equation (1), we also used emission
estimates from GFED version 3 (GFED3), which provides
emission amounts ready to use in the models, or burned dry
mass estimate (DM = A*B*3), which can be combined with
different emission factor options. The GFED3 daily emission

and burned dry mass at the original 0.5° x 0.5° spatial reso-
lution (http://www.falw.vu/~gwerf/GFED/GFED3/emissions)
were re-gridded to the 1°(lat) x 1.25°(lon) GOCART grid.
The GFED3 approach to estimating burned area is introduced
above in section 2.1.1.3. The Carnegie-Ames-Stanford-
Approach (CASA) biogeochemical model used to estimate
burned dry mass and emissions is described in detail by van
der Werf et al. [2010], and the method for scaling monthly
GFED3 emissions to daily estimates using MODIS active fire
counts is described by Mu et al. [2011].

[25] GFED version 2 monthly emission estimates have
been widely used in the aerosol modeling community
[Dentener et al., 2006], so this data set is considered here to
assess the potential changes with the switch to the newer
version of GFED.

2.3. Quick Fire Emission Data Set (QFED) Based
on Fire Radiative Energy (FRE)

[26] The relationship between the energy released by the
fire and emission of aerosols and gases was suggested by
Kaufiman et al. [1996], and has subsequently been studied
and refined [Ichoku and Kaufiman, 2005; Schroeder et al.,
2010; Vermote et al., 2009; Wooster, 2002; Wooster et al.,
2005]. The approach presented by Wooster [2002] and
Wooster et al. [2005] relates the amount of combusted bio-
mass, which is equivalent to the term “dry mass burned
(DM)” used in this study, and fire radiative energy (FRE) as
follows:

DM(kg) = a * FRE (MJ), 2)

where a is an empirically derived factor. Fire radiative
energy is the fire radiative power (FRP) obtained from the
3.9 um wavelength radiative energy flux at the top-of-
atmosphere measured by MODIS, and integrated over time
for the estimated duration of burning. This relationship has
been used to estimate the amount of DM from the MODIS
FRE, and the limitations of using measurements in the sat-
ellite thermal channels for detecting and characterizing fires,
have been discussed by the developers of FRE-based emis-
sion inventories, such as Global Fire Assimilation System
(GFAS [Kaiser et al., 2012]) and Quick Fire Emission Data
set (QFED (A. Darmenov and A. da Silva, manuscript in
preparation, 2012)). Species-specific emission factors are
then applied to DM estimates to obtain aerosol emissions.
QFED developers omit the DM estimation step and work
directly with GFED emissions (using CO as a reference) to
find coefficients that relate emission rates to FRP.

[27] After the initial emissions have been estimated, these
estimates are adjusted to improve the agreement between
MODIS-measured AOD and model-simulated AOD by
running multiple regression while considering BB and
anthropogenic AOT components as independent variables,
whereas AOD for other aerosol types (dust, sea salt,
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volcanic, etc.) are kept unchanged. The regression para-
meters of modeled total AOD on MODIS AOD for different
biomes and regions provide the coefficients needed to tune
the QFED emissions on a per-region basis (Darmenov and
da Silva, manuscript in preparation, 2012). QFED is the
default BB emission inventory in the GEOS-5 modeling
system [Rienecker et al., 2008]. It provides daily estimates
of BB emissions at ~0.25°(lat) x 0.3125°(lon) horizontal
resolution, and can be obtained from its developers at the
Global Modeling and Assimilations Office (GMAO, http://
gmao.gsfc.nasa.gov/) at NASA Goddard Space Flight Cen-
ter. Since QFED calculates emissions based on a different
approach from the other emission options used in this study,
we consider it a valuable contribution to the comparison of
annual emission estimates. However, because QFED emis-
sions are adjusted to better reproduce the MODIS AOD,
QFED-based GOCART runs are not used in model evalua-
tions with MODIS AOD described in sections 4.2—4.4.

2.4. BB Emission Options

[28] Ready-to-use emission inventories and the combina-
tions of parameters, as described above, resulted in 13 data
sets that define BB source location and strength. These
products are referred to here as “emission options,” and are
summarized in Table 3. The name of the emission option is
usually composed of three parts, where the first set of
alphanumeric symbols stand for burned area product, next
set of symbols signify the effective fuel load product, and the
last symbols define the emission factor option. If the emis-
sions came from a ready-to-use inventory (such as GFED3
or QFED), the name of the inventory is kept unchanged.

3. Aerosol From Satellite Observations
and Model Simulations

3.1. GOCART Model

[29] GOCART is a global chemistry and transport model
that simulates the major tropospheric aerosol types: sulfate
and its precursors, OC, BC, dust, and sea salt. For this work,
it uses assimilated meteorological fields from the GEOS-4
DAS [Bloom et al, 2005] with a spatial resolution of
1.25° longitude by 1° latitude, and 30 vertical layers. The
time step of model output is 3 h.

[30] The GOCART model is described in detail in several
publications [e.g., Chin et al., 2000, 2002, 2007, 2009;
Ginoux et al., 2001]. Briefly, chemical processes in the
model include gas and liquid phase reactions that convert
sulfate precursors (dimethylsulfide or DMS, and SO,) to
sulfate. Carbonaceous aerosol aging is represented by the
conversion of hydrophobic aerosols (original 80% of BC
and 50% of OC) to hydrophilic with an e-folding time of
2 days. Physical processes include aerosol emission, advec-
tion, convection, as well as wet and dry deposition. Anthro-
pogenic emissions are input from available global inventories
as described by Chin et al. [2009]. Annual anthropogenic
emissions of SO,, BC, and OC are provided by Streets et al.
[2009]. Other anthropogenic emissions include ship and air-
craft emissions databases (Eyring et al. [2005] for interna-
tional ship emission; Mortlock and Van Alstyne [1998] for
aircraft emissions from the Atmospheric Effects of Aviation
Project database). Natural emissions are either from available
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estimates or calculated online as a function of meteorological
conditions.

[31] Biomass burning emissions of SO,, BC, and OC are
provided by external data sets summarized in section 2.4.
The model was run once with each emission option, each
time for the same 13 months (June 2006 to June 2007),
preceded by a 3-month spin-up, with all other settings (e.g.,
anthropogenic and natural emissions) kept the same. Daily
BB emissions were prepared off-line and then read into the
model. BB emissions at injection were evenly distributed
within the GEOS-4 defined boundary layer, according to the
standard GOCART procedure.

[32] Aerosol optical depth is determined from the dry
mass concentrations and mass extinction coefficients for the
major aerosol types, which are functions of aerosol size
distributions, refractive indices, and humidity-dependent
hygroscopic growth. Total AOD is the sum of optical depths
of individual aerosol types: dust, black carbon, particulate
organic matter, sulfate, and sea salt. The AOD calculation
methods, as well as the sources and values of the relevant
parameters, are described by Chin et al. [2002, 2009].

3.2. Satellite Observations of Aerosol

3.2.1. MODIS Aerosol Optical Depth

[33] MODerate resolution Imaging Spectroradiometer
(MODIS) is a key instrument on board NASA’s Terra and
Aqua satellites. With a wide 2330 km swath, MODIS observes
the whole globe in 1 to 2 days with more frequent coverage at
higher latitudes. Measurements made in 36 spectral bands
between 0.405 and 14.385 pm are the source for a number of
land, ocean and atmospheric products with band-dependent
nominal spatial resolutions of 250 m, 500 m, or 1 km (http:/
modis.gsfc.nasa.gov/about/). We use here the 550 nm AOD
from the MODIS Collection 5 level II aerosol product
(MODO04 or MYDO04 from the MODIS instruments on Terra
and Aqua satellites, respectively) at 10 km resolution [Levy
et al., 2010; Remer et al., 2006]. For each BB event, only
one MODIS snapshot is used, from MOD04 or MYD04, as
appropriate. All 10-km pixels where AOD retrievals are
available are averaged to the 1°lat x 1.25°lon GOCART grid
for further comparison with the model AOD.
3.2.2. MISR Stereo Height and Aerosol Products

[34] The Multiangle Imaging SpectroRadiometer (MISR)
on board NASA’s Terra satellite has a unique geometry,
where it is looking down on Earth with nine cameras, pre-
cisely aligned to sequentially view a 380 km-wide swath at
nine different angles in four spectral bands (blue, green, red,
and near-infrared), providing global coverage every 9 days
[Diner et al., 1998]. To evaluate the height of smoke layers
we use the MISR operational level 2 stereo height product
(from http://eosweb.larc.nasa.gov), which reports cloud and
near-source aerosol plume heights globally, on a 1.1-km
grid, and with vertical accuracy of about 0.5 km [Moroney
et al., 2002]. The MISR aerosol product includes AOD
and aerosol type constraints globally [Kahn et al., 2010], and
is used here in some cases to confirm plume locations when
assessing their height.
3.2.3. CALIPSO Vertical Feature Mask

[35] The CALIPSO satellite carrying the CALIOP (Cloud-
Aerosol Lidar with Orthogonal Polarization) lidar system is
a part of the ‘A-train’ constellation of sun-synchronous
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satellites, which cross the equator in the early afternoon
around 1:30 P.M. local time in an ascending orbit. The
CALIPSO vertical feature mask provides vertical and hori-
zontal distributions of cloud and aerosol layers with 5 km
spatial resolution [Vaughan et al., 2004; Winker et al.,
2009]. Aerosol and cloud layers are classified by associat-
ing measured optical or physical parameters (such as atten-
uated backscatter coefficient, or color ratio) with particular
classes of known atmospheric scatterers. The Vertical Fea-
ture Mask is used here to evaluate smoke height in the
studied cases, where CALIPSO observations are available.
Daily CALIOP data are available at http://eosweb.larc.nasa.
gov/PRODOCS/calipso/table calipso.html.

3.3. Biomass Burning Events

[36] One hundred and twenty four fire events, occurring
between June 2006 and June 2007 in different regions of the
world, were used to evaluate the emission options. These
events include a range of fire sizes, seasons, types of vege-
tation, and burning conditions. Fire cases were selected to
include smoke plumes, which are defined as smoke-like
features appearing in MODIS visible images, supported by
the presence of fire pixels reported in MODIS thermal
anomalies product (MOD14/MYDI14 for Terra and Aqua
MODIS respectively), and at the same time showing elevated
AOD in the MODIS AOD data. Thus, the sizes of study cases
vary considerably, and can include single fires with associ-
ated smoke plumes, such as several events in the U.S., areas
of generally hazy regions containing many fires with or
without individual visible plumes, such as the agricultural
burning in Africa, Eastern Europe or South America, and
cases where large individual smoke plumes merge to produce
thick smoke clouds, such as several cases in Russia, Canada,
Indonesia, and South Australia. Table 4 provides a list of fire
cases studied; it gives their unique identification numbers,
specifies their geographic boundaries defined by latitude and
longitude corners, reports the date of MODIS observation,
and denotes the MODIS-carrying satellite used by letters “A”
or “T,” which stand for Aqua and Terra, respectively.

[37] To locate the fire events, we used as a starting point
events featured on the Earth Observatory web site, which
provides a selection of fires in the Natural Hazards/Fires
category (http://earthobservatory.nasa.gov/NaturalHazards).
We also used a combination of MODIS visible browse ima-
ges (http://modis-atmos.gsfc.nasa.gov/IMAGES/) and the
locations of fire detections from the MODI14Al and
MYDI14A1 thermal anomalies products to identify the loca-
tions and times of burning events. A subset of these events
was chosen for analysis, based on whether smoke or general
haziness, un-obscured by condensate cloud, appears in visi-
ble images of the region. Figure 1 displays a map showing the
locations of the cases studied. They are grouped into geo-
graphic regions having roughly similar burning conditions.

[38] In selecting the fire cases, we also considered biomass
burning seasons in different regions. These seasons are
described elsewhere [Dey and Di Girolamo, 2010; Duncan
et al., 2003; Giglio, 2010; Giglio et al., 2006a] and are
mentioned in Table 4. Table 4 also provides a description of
prevailing vegetation and characteristics of burning in each
world region.

[39] In regions with strong dust sources, such as northern
India and North Africa, we consider the seasonality of dust
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emissions as those times when dust significantly contributes
to the total AOD. Much of the spring peak of forest and
harvest burning in India coincides with the pre-monsoon
dust season [Dey and Di Girolamo, 2010], so most burning
cases are selected during early spring or during the smaller
burning season in November. Similarly, major biomass
burning in sub-equatorial Africa during boreal winter coin-
cides with the November—March season of dust transport
[Pandithurai et al., 2001], and therefore fire cases were
chosen at the onset of the burning season - in November to
minimize the dust influence.

[40] Years 2006 and 2007 were those of very little bio-
mass burning in Alaska, so only few cases were observed by
MODIS, out of which only four were both large enough to
be seen from space and sufficiently un-obscured by clouds to
be used for this analysis.

4. Results and Discussion

4.1.

[41] The emission options defined in section 2.4 provide a
range of BB emission estimates. Figure 2a shows total dry
mass burned globally in 2006, as estimated by each emission
option. Instead of comparing emission estimates for the June
2006—June 2007 study period, we compared estimates for full
years of 2006 (shown in Figure 2) and 2007 (not shown here)
so that our results could be compared to previous studies [e.g.,
van der Werf et al., 2010]. Since the QFED inventory calcu-
lates aerosol emissions directly from MODIS-measured FRP,
it does not provide a DM estimate. Figure 2b illustrates the
differences in corresponding 2006 global BB emissions of BC.
The comparisons for OC and SO, (not shown here) produce
patterns similar to those of BC. The magnitudes of SO,
emissions are similar to those of BC, and OC emissions are
approximately eight times larger, as expected from the values
of species emission factors introduced in section 2.1.3. Com-
parisons of both DM and emissions of individual aerosol
species for 2007 also show similar patterns.

[42] The differences between individual emission options
can be quite large. Thus, the largest estimate of global total
BC emissions by the mod1-CCm-GOCART option is about
eight times larger than that of GFED3. These differences can
be explained by the choice of parameters that were com-
bined according to equation (1). Some of these differences
are briefly discussed below.

[43] Estimates of burned area by MCD45, GFED3, and a
version of mod1 were compared in detail in previous studies
by Roy et al. [2008] and Giglio et al. [2010]. Although the total
burned areas reported by all three products globally in 2006
are very similar: 3.94 x 10° km? in mod1, 3.96 x 10° km? in
MCD45, 3.41 x 10° km® in GFED3, their performance in
different ecosystems is noticeably distinct. Roy et al. [2008]
demonstrated that in ecosystems having low Leaf Area Index
(LAI) and low percent tree cover—shrublands, grasslands, and
savannas, the active fire product (mod1) estimates less burned
area (BA) than MCDA45. On the other hand, when the percent
tree cover is high, especially in evergreen forests (both nee-
dleleaf (mostly in boreal regions) and broadleaf (mostly in
equatorial regions)), modl reports more BA compared to
MCD45. GFED3 burned area estimates are similar to those
from MCDA45 in many regions [Giglio et al., 2010]. Croplands
are an exception to this pattern, and although having low LAI

Comparison of Emission Options
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(left) Total dry mass (DM) burned globally in 2006, reported by GOCART emission input

options considered in this study. Since DM is a product of burned area and effective fuel load and does
not take into account emission factors, DM estimates for emission options like mod1-GLC-GOCART
and mod1-GLC-GLC are the same. (right) Total global emission of BC, each column representing one
emission option. Colors in each bar correspond to dry mass burned (left) or BC emissions (right) from

the GLC vegetation categories outlined in Figure 1.

at the time of burning, more BA is reported globally by mod1
than the MCD45 algorithm for this category [Roy et al., 2008],
with GFED3 BA being even lower than MCD4S5 in croplands
[Giglio et al., 2010].

[44] Since most of the area burned is a result of fires in
Africa, followed by South America and Australia, BB
emissions from vegetation types dominant in these regions
(GLC codes 1, 3, and 12) show the largest absolute differ-
ences, consistent with the described BA detection patterns.
The differences in estimated BA and subsequent emissions
can be quite large regionally, such as in boreal regions
covered by evergreen needleleaf forests (GLC code 4), or in
tropical crops and shrubs (GLC code 17), but their contri-
bution to total global emissions is relatively small.

[45] The effective fuel load (B*( in equation (1)) products
chosen have not been explicitly compared elsewhere. Effec-
tive fuel load estimates provided by the WEB-FE CC data set
for low (CCl), medium (CCm) and high (CCh) fire severity
are mapped in Figures 3a—3c. The CCi estimate is computed
using all three CC estimates and Haines Index as described in
section 2.1.2 above. The map of GLC effective fuel load
estimates is given in Figure 3d. CC and GLC provide gridded
estimates of effective fuel load values, which are essentially
assumed to be constant. However, since no static effective
fuel load is provided in the GFED3 data set, we obtained the
equivalent effective fuel load by dividing the GFED3
monthly values of burned dry mass by the corresponding
value of burned area in every GOCART grid box. Average
effective fuel load from all the available data for the period of
1997-2009 is shown in Figure 3e. The maps of absolute
effective fuel load differences emphasize the discrepancies
between the data sets, where the largest differences are in
the forested boreal and tropical regions. CC estimates of

effective fuel load by fires of high severity (CCh) have the
largest values, and CCl - the lowest. Assuming all fires of
medium fire severity for a reference, we compare the abso-
lute values of effective fuel load in the data sets. The general
trend, which shows the CCm data set including all fires of
medium severity (CCm) as giving the largest effective fuel
load estimates, followed by the GLC and GFED?3, is reversed
in the boreal needleleaf forest, where the GFED3 effective
fuel load is the largest, followed by GLC and CCm, and is
partially reversed in the parts of tropical forest where GFED3
is the largest, followed by CCm and GLC.

[46] The Haines Index tends to increase the average daily
effective fuel load in most regions if it serves as a proxy for
fire severity to determine effective fuel load, as described in
section 2.1.2.

[47] As can be seen from the global average values given in
Table 1, the GLC and GFED emission factors are similar and
are all generally lower than the GOCART standard Fj’s.
Regionally, this difference is smallest in the extra-tropical
forest, and is largest in the grasslands and shrublands, where
the standard GOCART option can be up to a factor 2 to 3
larger than either the GLC or GFED F}’s. Because, as has
been mentioned earlier, grassland and savanna burning in
Africa, Australia and South America are the greatest con-
tributors to BB emissions globally, such a significant differ-
ence in emission factors for these vegetation categories
magnifies the differences in estimated emissions when
accumulated over vast burned areas and long burning sea-
sons. Also, as will be discussed below in section 4.4, small
deviations in estimated emission rates are likely to have
noticeable effects on the simulated AOD, so further study of
the appropriate emission factors in the African and South
American ecosystems is needed.
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Figure 3. Effective fuel load estimates in kg/m?, by the Carbon Consumption (CC) inventory for (a) low,
(b) medium, and (c) high fire severity; (d) GLC; and (e¢) GFED3 data sets. Absolute differences between
(f) CCm, (g) GFED3, and (h) GLC fuel load are shown.

4.2. Evaluation of Emission Options Using GOCART
and MODIS AOD

[48] We compared GOCART AOD, sampled at the closest
time to the satellite overpass from each of the 13 model runs,
with MODIS AOD averaged to the model grid. The maps of
MODIS and GOCART AOD within each case box were visu-
ally inspected to evaluate the spatial features of the simulated
plume. As an example, Figure 4 shows the MODIS visible
image, retrieved MODIS AOD with original 10-km resolution,
re-gridded MODIS AOD to model grid, and snapshots of
GOCART AOD from all runs with different emission options
for case 11 in Russia on July 20, 2006. As noted earlier, the
QFED data set uses MODIS AOD as one of the input data
sets for estimating emissions, so AOD from QFED-based
GOCART runs cannot be fairly compared to MODIS AOD.

[49] To limit analysis of aerosol properties to smoke
within the plumes, a threshold AOD value (provided in
Table 4) was chosen by visual inspection of MODIS and
GOCART AOD maps for each case, with the aim of sepa-
rating the smoke plumes from background. The values of all
pixels where AOD exceeded the threshold were considered
in calculating average AOD values for MODIS observations
and model simulations in each case.

[s0] Since BB aerosol emissions consists mainly of BC
and OC [Andreae and Merlet, 2001; Seinfeld and Pandis,
1998], BB emissions are represented by the sum of BC
and OC emissions in subsequent analysis. The GOCART
model works with aerosol emissions in terms of emission
rates, expressed in units of mass of aerosol species per unit
area per unit time. Therefore, to use satellite AOD as a
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Figure 4. Case 11: Russia, 20 July 2006. Terra-MODIS visible image of the scene with fire locations
marked in red; total column MODIS AOD with original 10-km resolution, as provided by MODO04 data
product; and MODIS total TOA AOD averaged to GOCART grid, followed by maps of the temporally
closest 3-h output of instantanecous GOCART AOD values for different emission options. Emission
options used as input to each of the model runs are labeled on top of the corresponding maps.

constraint for BB emissions in the model, we first explore
the relationship between emissions input into the model and
simulated AOD output. This relationship is plotted in
Figure 5. To keep the analysis independent of the fire case
box size, we use units of emission rate (kgC km 2 day ) to
characterize emission amount. The values from all model
runs and all fire cases are colored according to the region
where the fire is located. The region colors are defined in
Figure 1.

[5s1] The same data set, plotted for each region separately,
follows in Figure 6. Colors are used here to represent dif-
ferent emission options, and symbols distinguish different
fire cases occurring within a given region. Symbols
corresponding to each fire case are given in Table 4. The

symbol associated with the emission option that produces
the average GOCART AOD closest to the average MODIS
AOD for each case is highlighted in black. Connected to
each such symbol is a black line showing the difference
between this model average AOD and the MODIS average
AOD for this case (i.e., the MODIS AOD measurement
would plot at the end of this black line). We introduce the
black GOCART AOD symbol closest to the MODIS AOD
to place the MODIS AOD reference on the plot, but in the
absence of the true aerosol emission rate, we resort to
looking for the closest model estimate.

[52] When the average AOD for each case is plotted against
the corresponding BB aerosol emission rate, the data points in
Figures 5 and 6 form a pattern of two distinct regimes.
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Figure 5. Average GOCART AOD for each fire case and each model run plotted against average emis-
sion rate for the corresponding case in the corresponding emission option. Data points are colored by geo-

graphic region, with colors defined in Figure 1.

[53] 1. In the first regime the points are clustered parallel
to the horizontal axis. These are regions dominated by
background aerosol, where the BB contribution does not
significantly affect the total AOD. This happens, for exam-
ple, when the BB AOD is very low and is not much higher
than AOD of the environment, such as in some cases in the
USA. Alternatively, the background aerosol loading can be
so high that even substantial BB emissions do not contribute
a dominant fraction to the total AOD. Such are the cases in
China and India. Qualitatively, in the areas where AOD is
dominated by non-BB aerosols, different BB inventories
make little differences in GOCART AOD. In contrast, even
though the non-BB background AOD is also rather high in
South-East Asia, North-Central Africa, and Central and
Eastern Europe, the contribution of BB aerosol is significant
enough that the choice of emission inventory measurably
affects the total AOD. The contribution to total AOD in the
model from different aerosol types was evaluated both spa-
tially and in magnitude to come to this conclusion. Wind
dispersal, which also tends to flatten the curves in Figure 6
regardless of background aerosol level, is discussed in
Section 4.3 below.

[54] 2. In the second regime, AOD depends on the amount
of smoke emissions. This “BB-dominated” regime appears
after a certain amount of emissions has been reached, i.e.,
after the contribution of BB aerosol to total AOD starts to
noticeably outweigh the background aerosol components.

[s5s] The spread of the data points along the x axis in each
case in Figure 6 (cases are distinguished by different sym-
bols here) shows the range of estimates provided by different
emission options. The spread of values is generally larger,
i.e., the discrepancies between emission rates estimated by
different inventories are large, in background-dominated
areas where the area is polluted (India, China, Eastern
Europe), where the observed plume is not well-defined or
small (some U.S. cases, Alaska), or where the event is long-
lasting, so overlying thick smoke prevents good observations
of burned area and fire properties (some cases in Canada,

Indonesia). In BB emission-dominated regions (Russia,
North Australia, South America), emission estimates from
different emission options are fairly similar, but given a steep
slope of the AOD versus (BC + OC) emissions relationship,
even a small change in emission amount has a significant
effect on the simulated AOD.

[s6] The regional performance of the model with different
emission inventories is further presented in a series of maps
and scatterplots in Figures 7 and 8. Each panel in these figures
shows the performance of GOCART with BB aerosol esti-
mated by one of the emission options. The color of each case
box in Figure 7 shows the ratio of average GOCART AOD to
average MODIS AOD. The darker the red color, the more
GOCART overestimates AOD relative to MODIS, and the
darker the blue color, the lower the GOCART AOD compared
to MODIS. Green color marks the cases where GOCART
average AOD is within about 20% of MODIS average AOD.
The scatterplots in Figure 8 compare MODIS and GOCART
average AOD for each fire case studied. The data points are
colored by region where the fire cases are located (see
Figure 1). The clusters of data from the same region relative to
the 1:1 line also show the performance of the GOCART model
using a given emission option in this region.

[57] The overall performance of each emission option in
all regions is generalized by the statistics describing the
comparison of GOCART and MODIS average AOD values:
correlation coefficient R, which reveals linear correspon-
dence between the data sets, mean bias B representing the
ratio of the model results to data, and root mean square error
RMSE, which shows the magnitude of absolute difference
between the model and the observations [Chin et al., 2004].
These statistics are shown in each panel of Figure 8 and are
also given in Table 5. Higher R combined with lower RMSE
and B close to unity indicate that the average GOCART
AOD with the given BB emission option compares better
with the average MODIS AOD.

[s8] Regarding the regional performance of individual
emission options, we find the following.
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Figure 6. GOCART AOD versus average BC + OC emission rate. Different symbols distinguish individ-
ual fire cases (see Table 4). Colors represent different emission options in GOCART. The output of
GOCART run for which the simulated AOD is closest to MODIS is marked in black. The black line from
each such data point shows the magnitude of AOD underestimation or overestimation compared to the

average MODIS AOD.
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Figure 7. Ratios of GOCART average AOD to MODIS average AOD for each of the 124 studied cases,
with different emission options used as input to GOCART.

[59] 1. The choice of MCD45-based emission options can
lead to extreme AOD overestimation in the tropical regions
of Africa and North Australia, and very low AOD values in
the forest regions of Russia, Canada, Indonesia, and South
Australia. These regional AOD trends compensate to pro-
duce average bias values of 0.5-0.85. However, the corre-
lation coefficients are very low, emphasizing that the
comparisons of AOD from MCD45-based GOCART runs
and MODIS are non-uniform globally.

[60] 2. The correlation between modl-based GOCART
AOD and MODIS AOD is better than that for AOD with the
MCD45-based emission options, and the mean bias is close

to unity, although from the clustering of data points in
Figure 8, the compensation of high-AOD regions with low-
AOD regions is apparent, but to a lesser extent than in
MCDA45-based model runs. As mentioned above, assuming
1 km? per fire count produces a higher-end estimate of
burned area, and the “mod1”-based emission options tend to
overestimate emissions, often by large factors in some
regions (Latin and South America, Africa), but these high
emission estimates bring simulated AOD close to MODIS-
observed in the boreal regions.

[61] 3. Model runs using daily GFED3 emissions meet the
criteria of higher R combined with lower RMSE and B close
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Figure 8. Average GOCART AOD versus average MODIS AOD for each of the 124 studied cases, with
different emission options used as input to GOCART. The data points are colored according to the geo-
graphical location of the fire cases (Figure 1). Given for each panel are statistics of data set comparison:
R is correlation coefficient, B is mean bias, and RMSE is root mean square error.
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Table S. Statistics of Average GOCART AOD Comparison With
Average MODIS AOD for All Studied Fire Cases for Each BB
Emission Option®

BB Emission Option R B E
Mod1-CCi-GOCART 0.42 1.18 0.49
Mod1-CCm-GOCART 0.42 1.01 0.42
Mod1-GLC-GOCART 0.54 0.80 0.33
Mod1-GLC-GLC 0.58 0.66 0.34
MCD45-CCi-GOCART 0.00 0.85 0.59
MCD45-CCm-GOCART 0.03 0.71 0.53
MCDA45-GLC-GOCART 0.12 0.59 0.47
MCD45-GLC-GLC 0.21 0.50 0.45
GFED3d 0.76 0.55 0.33
GFED3d-GOCART 0.73 0.65 0.31
GFED3m-GOCART 0.64 0.54 0.36
GFED2m-GOCART 0.54 0.56 0.38

R is correlation coefficient, B is relative bias, and E is root mean square
erTor.

to unity the best. The original GFED3 emission factors lead
to a slightly larger correlation coefficient, but the use of
GOCART emission factors is responsible for a smaller
RMSE and not as low a bias. The use of GFED emission
inventories generally leads to the best AOD comparison in
Africa, where other inventories overestimate MODIS AOD,
but in most other regions GFED-based model runs have
AOD lower than MODIS, more so with monthly (GFEDv2,
and GFED3) than daily inventories, as expected. Also as
expected, monthly GFED inventories appear to perform well
for the long-burning events in the sparsely vegetated regions
of Africa, North Australia, South-East Asia, and tend to
underestimate emissions more for intense individual fires in
Russia, Canada, Indonesia and the USA.

[62] 4. Using the GFED3-daily emission inventory does
not lead to a consistent improvement in all regions over
monthly GFED3 estimates, but, as expected, it improves
performance for shorter-lived fires. However, the larger
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values of GOCART standard emission factors bring the
emission estimates up, and closer to observations.

[63] To provide a more complete regional analysis,
Figure 9 gives the geographic distribution of MODIS AOD
associated with each fire. Examination of this figure together
with Figures 7 and 8 suggests that in regions having average
MODIS AOD 0.5 or larger, the simulated AOD tends to be
lower than observed with most emission options used
(except modl-based options). These regions of higher
AOD include Russia, South-East Asia, China, India, South
Australia, as well as part of Latin America (Honduras),
South America and Indonesia. In the regions with average
MODIS AOD values of 0.5 or lower, the GOCART versus
MODIS AOD comparison is less consistent.

[4] The persistent low bias of GOCART AOD in
Indonesia, South Australia and Russia is immediately related
to omissions in biomass burning emission estimates, because
BB is the dominant source of aerosols in these regions.
Model underestimation of total AOD in heavily pollution-
dominated regions of India and China has been shown pre-
viously [Chin et al., 2009], a problem that is mostly asso-
ciated with the anthropogenic and dust emissions and
transport.

[65] Qualitative comparison of the GOCART and MODIS
AOD maps for the fire cases studied (only maps for case 11
are shown here in Figure 4) reveals that the model performs
better spatially and more consistently in magnitude in the
cases having large, distinct biomass burning plumes, such as
the case in Russia shown in Figure 4. Thus, intense fires in
the forested areas of Russia, Indonesia and Canada are best
modeled by GOCART spatially, and the relative perfor-
mance of the model is consistent from case to case when
different emission inventories are used. These are the
regions where the majority of emissions are only from BB
sources and the plumes are significantly thick and distinct
from the background. These are also regions of dark, densely
vegetated surface, the best conditions for MODIS over-land
AOD retrieval [Levy et al., 2010].

Average MODIS AOD

0.4 0.6

0.8

1.0

Figure 9. Average MODIS AOD of each of the 124 studied fire cases.
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Figure 10. Case 11: Russia, 20 July 2006. (top) Terra-MODIS visible image of the scene with fire loca-
tions marked in red; schematic tracks of CALIPSO and MISR tracks during the same day in orange and
light green, respectively. Satellites are moving in the direction marked with the arrows parallel to the
orbits. Map of MISR Stereo heights, and the histograms of the pixel heights in two regions A (source
region) and B (transported aerosol downwind) are shown. (bottom) CALIPSO Vertical feature mask over-
laid by the GEOS-4 PBL height for the coordinates of the case box at the time of CALIPSO overpass.
CALIPSO-Night observation also shows in dashed line the height of the mixing layer, approximated as

the PBL height at 6:30 UTC (13:30 local time).

4.3. Effect of Aerosol Dispersion on AOD

[66] Spatial distribution of AOD depends not only on the
source strength, but also on the rate at which the plume is
dissipated. Therefore, to quantitatively evaluate the AOD-
emissions relationship we have to account for smoke dissi-
pation. Smoke plume dispersion is governed by wind shear
and turbulence in the surrounding environment. Thus, strong
vertical and horizontal atmospheric motions within the
environment promote clear air entrainment, mixing, and
plume dispersion. Plumes in stable air tend to stay more
confined. Since smoke plume optical depth is proportional to
smoke density, it is reasonable to assume that compact and
well-contained plumes will be optically thicker than more
dispersed plumes containing the same amount of aerosol
particles. Therefore, in the BB-dominated regime, we expect
similar changes in emission amount to have different effects
on the resultant AOD when plume dispersion is different.
We investigate the relationship between plume environment,

aerosol dispersion and their effects on simulated AOD
values next.
4.3.1. Vertical Dispersion and Smoke Plume Height

[67] The spreading of smoke plumes in the vertical
dimension reduces the aerosol concentration, which can
reduce visibility through the plume, but has little effect on
the plume AOD when seen from the top of the atmosphere.
Additionally, if the smoke is injected directly into the free
troposphere, the horizontal winds might transport it away
fast enough to prevent accumulation of smoke, complicating
the application of total AOD as a proxy for the cumulative
strength of BB sources. Therefore, we checked whether the
smoke was confined to the relatively well-mixed planetary
boundary layer (PBL, as defined by GEOS4-DAS).

[68] The vertical structure of the smoke events studied was
investigated by visually examining the MISR stereo height
of the plumes or CALIPSO profiles whenever these obser-
vations were available. Figure 10 provides an example of
how MISR and CALIPSO observations are used to find the
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plume height. Both instruments passed over the plume in
case 11 on the same day as MODIS. It is worth remembering
that CALIPSO-Day measurement was made approximately
2.5 h after MISR, and CALIPSO-Night observation, spa-
tially collocated with MISR, occurred about 16 h after the
MISR and MODIS/Terra snapshots. The CALIPSO vertical
feature mask is overlaid with the GEOS-4 PBL height,
which is between about 2 and 3 km above terrain. Both
CALIPSO aerosol profiles and histograms of MISR pixel
heights indicate aerosol residing within the boundary layer,
especially at the source, while detecting some higher clouds
around 10 km. MISR heights away from the BB emission
sources and CALIPSO-Day measurements have signatures
of aerosol possibly transported above the PBL. PBL height
being considerably lower at night, the height of the mixed
layer, approximated by the PBL height at 6:30 A.M. UTC
(13:30 local time), is also shown as a dashed line on the
CALIPSO-Night plot in Figure 10.

[69] Although smoke injection above the PBL does occur
in some cases, most smoke is emitted into the boundary
layer [Kahn et al., 2008; Val Martin et al., 2010]. Out of 124
fire events studied here, we found smoke in the free tropo-
sphere only in a few large burning events in Russia, Canada,
Indonesia and South Australia (cases 47, 48, 50, 2, 3, 14, 15,
16, 18, 20). Analysis similar to that shown in Figure 10
suggests the smoke was lifted there after initial injection
into the boundary layer, and these cases conform to the
general patterns described in the analysis sections below.
4.3.2. Horizontal Dispersion and Wind Speed

[70] To calculate average PBL wind speed for each case
we average absolute mid-PBL wind speeds in all model grid
boxes where the BB sources are defined. The same data
points as in Figure 6 are plotted in Figure 11, now colored by
the average PBL wind speed in the case box. A number of
factors affect the apparent relationship between the AOD,
which reflects the local concentration of aerosol particles,
and the plume emission strength. We expect the AOD to be
directly related to the emission strength, and inversely
related to the local wind speed, which dissipates the aerosol.
So other factors being equal, the slope of the AOD versus
emission strength line would be steeper in cases having
lower wind speeds, and shallower when the wind speed is
higher. However, the atmospheric stability structure also
affects the result, as the aerosol will tend to dissipate more
readily in a less stable atmosphere, and if background aero-
sol dominates the emission source, the ambient AOD might
not be significantly affected by changes in the strength of a
local source, as discussed in Section 4.2 above.

4.4. Possibility of Using MODIS AOD as a Quantitative
Constraint on Biomass Burning Aerosol Emissions

[71] To use satellite observation of AOD as a constraint to
model emissions, a quantitative relationship must exist
between the actual BB emission rate and MODIS-observed
AOQOD, assuming that the GOCART model can reproduce this
relationship. We have already established that wind speed is
an important factor that governs the AOD-emissions rela-
tionship in BB-dominated regions. Therefore, we find a fit to
the data points in the AOD versus emissions (BC + OC)
plots for every region as is described below, and this rela-
tionship is the one needed to find the emission rate required
to produce observed AOD in the given environmental
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conditions. The GOCART average AOD closest to the
MODIS average AOD for each case has been marked with a
black symbol as in Figure 6, with a line from each such data
point showing the magnitude of AOD under- or overesti-
mation compared to the average MODIS AOD.

[72] An empirical emission density cutoff between
background-dominated and BB-dominated regimes was cho-
sen in each region where a BB-dominated regime is observed,
and these cutoff values are listed in Table 6. The emission
rate cutoff value is found to be around 10 kg/km?/day,
where stronger emissions are likely to measurably affect the
total column AOD, but varying depending on the back-
ground AOD. The data suggest that a larger cutoff value is
required for India, probably due to a more polluted back-
ground, and a lower value in North Australia, for which
there are no data clusters parallel to the x axis to form a
background-dominated regime. No emission density cutoff
could be selected for Alaska and China due to very faint
plumes in the former (for the cases studied here) and a total
domination of background aerosol in the latter.

[73] In each region, several lines, each corresponding to
one of the three wind speed categories (0-3, 3—6, and >6 m/s)
were fitted to the data points in the BB-dominated regime in
Figure 11, corresponding to the linear fit of the form

Y =a+bX, 3)

where X is the OC + BC daily integrated fire emission in kg
per km?, and Y is the average GOCART AOD within the
plume. The resulting wind-regime-dependent regional fit
coefficients a (intercept) and b (slope of the line), listed in
Table 6, represent the level of background AOD and the rate
of AOD change per unit change in BC + OC emission rate,
respectively. Also listed in Table 6 are the fitted values of
model AOD at the emissions density cutoff for this region.
This value represents the background AOD, or the minimum
plume AOD at which a smoke plume can be distinguished
from its environment. The background AOD value averaged
over all regions and wind speed regimes is about 0.26. The
relationship between the manually chosen regional emission
rate cutoff values, background AOD and the wind speed of
the environment needs to be further explored, because the
wind speed affects both the smoke plume and its environ-
ment. The slope of the fitted line, represented by the coeffi-
cient b, is steeper for the regions where a small increase in
emissions leads to a noticeable increase in AOD. We also
expect this slope to be steeper for lower wind speed regimes,
since when dissipation is low, all the emitted particles con-
tribute immediately to the plume AOD. The steepest slopes
of the fitted lines are observed in South and Latin America
and Africa, suggesting that even small errors in estimated
emission rates will have noticeable effects on simulated AOD.

[74] The quantitative relationship between AOD and
aerosol emission rate as a function of wind speed allows the
use of MODIS AOD to constrain the BC + OC emission rate
in the model, assuming the plume is emitted into the PBL
and the average PBL wind speed is known. Such estimates
should be more certain under lower wind speed conditions
(due to small changes in emissions leading to significant
changes in AOD), and less certain under higher wind speed
conditions, where a larger range of emission rates is allowed
within available constraints.
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Figure 11. Same as Figure 6 but here the colors represent average PBL wind speed for each case at the
BB source; the GOCART output closest to MODIS is marked in black.
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Table 6. Regional Fit Coefficients for Equation (3) by Horizontal Wind Speed Range
Fit Coefficients for Average Wind Speed Ranges
o 0-3 m/s 3-6 m/s 6+ m/s
Emission Rate
Region Cutoff (kg/m*/day)  a (AOD at Cutoffy b (x107°)  a(AOD at Cutoffy b (x107>)  a(AOD at Cutoff) b (x107%)
SAmerica 10 0.20 (0.28) 8.3 0.30 (0.36) 5.2 0.16 (0.16) —-0.4
LAmerica 10 0.17 (0.26) 8.2 0.24 (0.26) 2.0
SEAsia 10 0.20 (0.23) 2.8 0.35 (0.37) 23 0.48 (0.48) 0.7
Russia 10 0.29 (0.32) 2.3 0.18 (0.22) 4.4
SCAfrica 10 0.17 (0.22) 53 0.22 (0.28) 6.0
NCAfrica 10 0.55 (0.60) 5.0 0.31 (0.39) 7.7
NAustralia 2¢ 0.16 (0.17) 3.0 0.12 (0.13) 1.8
SAustralia 10 0.15 (0.15) 0.5 0.24 (0.24) 0.0
Indonesia 10 0.39 (0.41) 2.3 0.29 (0.32) 3.6
Canada 10 0.22 (0.23) 1.3 0.16 (0.16) 0.2
WUSA 10 0.14 (0.16) 1.9 0.15 (0.16) 1.0 0.09 (0.10) 1.7
EUSA 10 0.26 (0.26) 0.3 0.24 (0.25) 1.0
Europe 10 0.21 (0.24) 3.6 0.22 (0.22) 0.4
India 20 0.20 (0.25) 2.6 0.15 (0.22) 34
China
Alaska

“The cutoff value was selected at the emission rate rounded to the full number near minimum AOD, because no data points clustered parallel to the x axis

to form background-dominated regime.

4.5. Limitations of the Method and Topics
for Further Study

[75] Our method of using MODIS AOD to constrain BB
emissions in the global model has some limitations.

[76] 1. The method is based on the assumption that the
discrepancies between MODIS and GOCART AOD are
predominantly caused by the under- or over-estimation of
emissions, such that the errors in aerosol removal or mass
extinction efficiency (converting aerosol mass to AOD) are
much smaller than that in emissions. This assumption could
be wrong in some cases.

[77] 2. It has been shown that total column AOD provides
a poor constraint on BB emissions in background-dominated
regions.

[78] 3. The effect of wind speed on the AOD-emissions
relationship has to be explored further in the light of interac-
tion of smoke plume with more or less polluted environment.

[79] 4. Even though physically sound, the relationship
between AOD and BB aerosol emission rate has been
quantitatively described for one version of the GOCART
model only, and its application to models having different
spatial resolution and physical aerosol processes needs to be
investigated.

[so] 5. The use of the MODIS AOD product brings its
own limitations, such as missing AOD retrievals in the cores
of very optically thick plumes, over bright surfaces, or in
regions with complex cloud cover, and AOD over- or
underestimation in some situations [Levy et al., 2010].
Model bias in some regions, such as low bias in the Western
U.S., Asia and India or high bias in Northern Africa can be
related to known anomalies in the MODIS AOD product.
Previous MODIS AOD validation studies showed that
MODIS tends to overestimate AOD in the Western U.S.,
Central Asia and India, and to underestimate AOD in
Northern Africa, South America and Northern Australia
[Levy et al., 2010; Hyer et al., 2011]. Therefore, the mag-
nitude of differences between the GOCART AOD and
MODIS AOD in these regions may not be as large as what is

reported here, and merits a more in-depth investigation,
possibly using other AOD data sets such as MISR for model
validation.

[81] 6. The results in this study are based on one year of
fire observations. Inter-annual variability of fire locations
and intensity merits further investigation, to test the appli-
cability of the method quantitatively in regions where fire
seasons, and thus, fire and smoke properties and amount, can
vary significantly.

[s2] 7. Since the global model is too coarse to simulate
individual smoke plumes of sub-grid size, the method is
rendered insensitive to small AOD variations when averag-
ing MODIS AOD, and is similarly insensitive to small
aerosol concentration changes, when the model requires an
aerosol emission source the size of an entire grid box.

5. Conclusions

[83] We used ready-to-use global biomass burning aerosol
emission inventories GFEDv2, GFED3, and QFED, as well
as several combinations of burned area, effective fuel load
and aerosol emission factor estimates for this study, which
resulted in a total of thirteen global BB emission options.
We compared the amounts of BB aerosol emitted during the
year 2006, as estimated by all thirteen emission options, and
found that annual global total BC or OC emission estimates
can differ by up to a factor of eight, with GFED3 providing
the lowest estimate, and emission options based on MODIS
fire counts, Langley Carbon Consumption estimates and
GOCART emission factors producing the largest. Although
emission factor and effective fuel load choices can each lead
to about a factor of two-to-three difference in a given region,
burned area estimates can vary dramatically between the
inventories, producing the largest differences between
emission options. The performance of these emission
options in the GOCART model was evaluated by comparing
model simulated AOD to the MODIS-measured AOD. AOD
from QFED-based model runs could not be fairly used in
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such comparison, due to the use of MODIS AOD as one of
the parameters in calibrating QFED emissions.

[s4] Twelve GOCART runs, each with a different emis-
sion option, comprise an ensemble of runs, providing a
range of input emissions and output AOD estimates that
were evaluated for 124 fire events chosen globally. In gen-
eral, the model performs best spatially and most consistently
in magnitude when simulating large biomass burning events
of Russia and Canada, and less consistently in the regions
where other sources of aerosol, such as anthropogenic pol-
lution or dust, make significant contributions to the back-
ground - Asia, Africa, Central-Eastern Europe. In regions of
complex terrain and patchy vegetation, such as the USA, the
inventories do not agree well, and the comparison between
GOCART and MODIS is not consistent.

[85] The use of GFED inventories leads to the best AOD
agreement in Africa, where other inventories overestimate
MODIS AOD, but in most other regions GFED-based runs
have lower-than-MODIS AOD. The use of daily GFED
emissions generally improves AOD comparison compared
to the use of monthly emission estimates in the cases of
short-lived individual fires. Emission estimates based on
MCD45 burned area lead to significant AOD underestima-
tion in higher latitudes, and overestimation in Africa.
‘mod1’-based model runs result in the best AOD compar-
isons in the boreal regions, while mostly overestimating
AOD in the tropical regions.

[s6] The relationship between BB aerosol, expressed as a
sum of BC and OC emissions, and the resultant AOD, forms
two distinct regimes. First is the “BB-dominated” regime
where BB is the main aerosol source, and changes in BB
emission rate clearly affect the total AOD in the region.
Second is the “background-dominated” regime, in which the
contribution of BB smoke to the total AOD is small enough
that changes in smoke emission rate do not produce signif-
icant total-AOD changes. The rate of BC + OC emission
from BB (in units of kg/km?/day) needs to be larger than a
certain threshold for emission-AOD relationship to be in
BB-dominated regime. This threshold is around 10 kg/km?/
day in most regions studied, when the source is of the size of
the GOCART model grid box, but varies depending on the
background AOD level.

[87] The rate of change of AOD in response to changes in
amount of BB emissions is affected by the dispersion potential
of the plume environment, which is usually dominated by the
wind speed and atmospheric stability. In clean environments,
higher wind speeds lead to shallower slopes of the AOD ver-
sus emissions relationship, meaning larger changes in AOD
are needed to noticeably affect the total column AOD. Thus,
given a quantitative relationship between AOD and BB
emissions in each geographic region, satellite-measured AOD
can be used to constrain the BB source strength, given the
average wind speed in the region. However, MODIS total
column AOD cannot be used to constrain BB emissions in the
background-dominated regime, and the regional quality of the
MODIS AOD product also has to be considered when using it
as a quantitative constraint.
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